This paper reports on surface micromachined hinged structure assembly using thermo-kinetic forces in the molecular flow regime. Ultrasonic vibration energy is used to reduce the static friction making the thermo-kinetic force comparatively significant. The thermo-kinetic force, resulting from the more energetic gas molecules emanating from the heated substrate, increases with pressure and substrate temperature in the molecular flow regime. The transition from viscous to molecular regime occurs as the molecular mean-free-path approximately equals the flap length, making the pressure threshold for thermo-kinetic flap actuation size dependent. In addition to the experimental results, one-dimensional and two-dimensional force models are presented. Examples of assembled structures are shown and assembly jig suitable for automated MEMS batch assembly is demonstrated.
I. INTRODUCTION

H
INGED structures enable three-dimensional components with surface micromachining techniques and have found applications for example in optical and RF systems. In the past, different assembly methods have been proposed for surface micromachined flaps. The structures can be assembled manually using a probe tip, but due to the labor and time cost of manual assembly, automated solutions are being investigated. One way is to use on-chip electrostatic [1] or thermal actuators [2] . This is attractive especially if the resulting devices need to be actuated during the device operation. A major drawback is the large die surface area consumed by the actuators. Other methods have been proposed that use special processing or external actuation forces. Thermal shrinkage of polyimide in V-grooves [3] and surface tension of wet solder [4] have been used to lift and permanently assemble micromachined flaps into the upright position. External magnetic forces can be used to actuate surface micromachines either by passing current through them (Lorentz force) [5] or by depositing magnetic material on them [6] .
Here we report on the use of gas kinetics to actuate and assemble hinged microstructures. The thermal actuation is due to differential force on the flap near heated surface in the molecular flow regime. As illustrated in Figure 1 , the higher energy particles emitted from the hotter surface lead to net force lifting the flaps. This phenomenon is similar to the well described "radiometer effect" [7] . As only heat and vacuum are required, the method is suitable for actuating devices from any surface micromachining process. Furthermore, no surface area is consumed nor are any interconnects required on the silicon die. The history of radiometer effect dates back to the original Crooke's radiometer (1873), a four vaned device with dark and light surfaces, that rotates when a source of light is brought nearby. The radiometer mechanism was explained by Knudsen (1910) with energy transfer from heated dark surface to gas molecules generating recoil force. Knudsen also proposed an absolute manometer based on the momentum transfer between two heated surfaces although the device has not been commercially adopted due to its delicate nature.
The thermo-kinetic force described here is usually smaller than the frictional forces encountered in moving polysilicon microstructures. However, in this work ultrasonic vibrations are used to reduce the friction to make the thermo-kinetic force comparatively significant. The silicon sample was ultrasonically vibrated using an adhesively or suction bonded piezoelectric PZT (lead-zirconate-titanate oxide) plate. Ultrasonic vibrations have previously been used for assembly as a source of random energy input [8] . In the work presented here, however, the purpose of the vibrations was only to remove friction and not to move the microstructures. The sample was vibrated at high frequencies ( 2.5 MHz), where the vibration amplitude is only a few nanometers and is not sufficient to impact actuate the surface micromachines. This paper is organized as follows: (1) Relevant forces on surface micromachined hinged structures are analyzed as a function of ambient pressure and temperature. (2) Experimental set-up and results of using gas kinetics to assemble surface micromachines are presented. (3) The paper is then concluded with examples of assembled surface micromachined structures.
II. ANALYSIS OF FORCES ON A HINGED STRUCTURE
In this section the role of gravity, friction, ultrasonic vibrations, and gas-kinetic forces are compared in the context of surface micromachined flaps and relevant pressure regimes are identified. Fig. 1 . The origin of thermo-kinetic force. Gas molecules impacting the flap from the heated surface have higher momentum than those from the ambient gas. Forces due to molecules leaving both sides of the flap cancel. Ultrasonic vibrations are used to reduce hinge friction.
A. Gravity force and hinge friction
Gravity and other inertial forces are the dominant forces in macro scale structures. However, as the mechanical devices shrink to micron scale, surface forces dominate. For a silicon plate with dimensions of 100 m¢250 m¢2 m, the gravity force ( Ö Ú Ñ ) is only 0.4 nN, while friction force can be an order of magnitude larger. To remove the hinge friction, the substrate was vibrated at ultrasonic frequencies with continuous sweep from 2.5 MHz to 6 MHz. The swept frequency actuation ensures the excitation of several bulk modes of the PZT/Si composite. The vibrations cause the hinge-flap contact to break and the friction force vanishes momentarily as observed in ultrasonic AFM [9] and destiction experiments [10] . This stick-slip contact at MHz frequencies results in overall reduction of frictional force. While the process is under further investigation, the friction reduction theory is strongly supported by the fact that the observed flap movement due to thermo-kinetic actuation is significantly reduced without ultrasound.
B. Impact from sonic pulses
Substrate vibrations can be used to actuate surface micromachines [11] , [12] . This can be accomplished by exciting the substrate at the surface micromachine resonance for frequency selective actuation, or by pulsing the entire substrate for impact actuation. In the work presented here, however, the purpose of the substrate vibrations was to remove static friction and not to cause actuation. Therefore the vibration amplitude was kept below the impact actuation threshold.
C. Thermo-kinetic forces
In this section, a first order one-dimensional model for thermo-kinetic force is developed. It is assumed that the intermolecular collisions are not significant, which confines the model to low pressure regime, where the mean free path is much greater that the device dimensions. However, the effect of intermolecular collisions is analyzed qualitatively and three different pressure regimes for the dominant force are obtained. Furthermore, it is assumed that the molecular flux is constant throughout the vacuum chamber. This assumption is valid in the absence of intermolecular collisions even with different surface temperatures. Finally it is assumed that the ambient wall temperature is constant and not affected by the heated sample surface.
The origin of thermo-kinetic force is illustrated in Figure 1 . The gas molecules from ambient gas with temperature Ì Ñ ÒØ bombard the die surface and flaps with average velocity Ú Ñ ÒØ Ô ÊÌ Ñ ÒØ Ñ [13] . These molecules are absorbed and accommodated on the surfaces. After a finite amount of time they desorb leaving the surface with average velocity Ú ×ÙÖ corresponding to the effective surface temperature Ì ×ÙÖ . If the surface temperature is higher than the ambient, molecules leaving the surface impact the flap with higher average momentum than the ambient molecules. The forces due to molecules leaving both sides of the flap cancel as the two surfaces are at the same temperature and are impinged by the same molecular flux. The constant temperature assumption follows from the flap being thin (2 m) and made of polysilicon, which is a good thermal conductor.
The effective temperature Ì ×ÙÖ of desorbing molecules depends on how long the gas molecules stay absorbed on the surface and can be expressed as
in terms of the phenomenological accommodation coefficient « (¼ « ½) and the ambient and surface temperatures Ì Ñ ÒØ and Ì ×ÙÖ . The case of « ¼ corresponds to elastic surface-molecule interaction with no change in molecule temperature. The case of « ½ correspond to full accommodation (Ì ×ÙÖ Ì ×ÙÖ ). Typically « ¼ for collision between engineering surfaces and heavy molecules such as N ¾ [14] . The force from the impacting (absorbing) molecules on a surface area is given by
where È is gas pressure, Ñ is mass, and¨is the molecular incidence rate or molecular flux. The half factor is due to pressure being exerted on the surface in two steps: impact from absorption and desorption. The molecular incidence rate is given bÿ
, where Ò is the number of molecules per unit volume. The total force on the flap can be calculated by taking the difference of the force from the absorbing molecules from the ambient-facing and substrate-facing sides leads. Thus we have
For the flaps to lift up, there must be a small initial gap between the flap and the substrate surface. Here this is accomplished with dimples on the flap that keep it above the surface. The dimples also reduce the flap-surface contact area and thus reduce the adhesive forces that could cause the flap to stay stuck on the surface. Etch holes on the flap also serve as entry points for molecules to initiate actuation of a plate initially lying flat on the surface. For flap dimensions of 100 m¢250 m, pressure of 500 mTorr, accommodation coefficient « ½, and surface and ambient temperatures of 100 AE C and 20 AE C respectively, equation (3) gives × nN. Although this force is small, it is still two orders of magnitude greater than the gravity force for silicon flaps with same area and thickness of 2 m.
Since the gas force depends on pressure, different regimes of operation are observed as illustrated in Figure 2 . In the viscous regime, the gas molecules leaving the substrate equilibrate with ambient before impacting the flap and there is no net force. As the pressure is decreased, the mean-free path ( ¡ ½¼ ¿ È ½ cm¡Torr in air) increases and becomes comparable to the flap dimensions [15] . The molecules impacting the flap result in a net force perpendicular to the substrate. Thus, the flaps are lifted up at pressure corresponding to transition pressure from viscous to molecular flow at the flap scale (at È ½ Torr, ¼ m). Short flaps are expected to lift up at a higher pressure than tall flaps. The flaps stabilize perpendicular to substrate, as momentum from impacting molecules is equal on both sides of the flaps. Below the transition pressure, the force diminishes linearly with decreasing pressure in accordance with equation (3) as the particle density is reduced. Eventually the thermo-kinetic force becomes less than other forces such as gravity and ultrasonic forces.
III. 2D FORCE MODEL IN LOW PRESSURE REGIME
To calculate the thermo-kinetic force as a function of flap angle, the 1D model presented in the previous section is expanded to take the geometry effects into account as shown in Figure 3 . For simplicity the flap and the substrate are assumed to be infinite in y-direction. The net moment on the flap with respect to the hinge is calculated by summing the moments from the ambient gas molecules, the surface desorbed molecules, and the moment due to gravity. The moment due to molecules desorbed from the bottom and topside of the flap cancel as these surfaces are at the same temperature. It is assumed that 4) where is the angle of impinging molecules with respect to the surface normal. The mean magnitude of momentum for ambient gas molecules is
Thus the total downward force due to ambient gas on the top side is obtained by integrating the product of molecular flux and mean momentum perpendicular to the surface over all the possible directions. This can be expressed as
Carrying out the integration for the downward force per unit area results in
The downward moment per unit length in y-direction is obtained by integrating the force times lever arm length over the flap length resulting in
Similarly, the lift moment from underside side of the flap due to ambient gas is given by
For moments due to molecules desorbed from the die surface, no simple closed form solution can be derived. The moment is obtained by numerically integrating the contributions over the entire substrate. The number of molecules desorbed from unit area to the direction Ù is given by AE ¨ Ó×´ µ (10) where is the angle between the surface normal and Ù. The mean momentum of desorbed molecules is
The moment due to a substrate unit area is obtained by integrating the product of Ô and AE (the mean momentum and number of desorbed molecules) over the possible solid angles formed towards the flap. This differential momentum can be written as
Here Ð´ µ is the moment arm of the impinging molecules, and Ù ¡ Ò is due to fact that only the velocity component perpendicular to the flap surface contributes to the moment. The total moment Å ×ÙÖ is obtained by integrating equation (12) over the entire substrate. On the other hand, the moment due to gravity is given by Figure 4 shows the magnitude of gas-kinetic and gravity moments calculated from the 2D model at Ì ×ÙÖ ½¼¼ AE C.
For a flap lying on the surface ( ¼ ), the 1D and 2D models give the same moment. However, the gas-kinetic moment is shown to increase as the flap is lifted up and has a maximum at angle of 60 degrees. As the angle is increased further, the force decreases. For a fully erected flap, all the moments cancel and the flap is at a stable point. The maximum moment from the 2D model is about 4 times more than the moment obtained by integrating the 1D force equation (3) . As the pressure is lowered, the moment due to gravity overcomes the gas-kinetic moment barrier, and the flaps fall down. 
IV. EXPERIMENTAL APPARATUS AND PROCEDURES
For the experiments a temperature controlled PZT assembly mount shown in Figure 5 was fabricated. The PZT plate with dimensions of 10 mm¢10 mm¢0.2 mm was soldered to a hot plate with temperature control to adjust the substrate temperature. This assembly mount was placed in a vacuum chamber and the chamber pressure was adjusted in the range of 1 mTorr to 750 Torr with a leak valve. The sample was monitored with an optical microscope, and the video image together with substrate temperature and chamber pressure were electronically recorded. Charge effects were minimized by sputtering 200Å of gold on both sides of the released flaps by flipping the flaps over in between two sputter coatings. Eliminating the electrostatic effects is especially important as initial studies indicated that surface charging could be a possible actuation mechanism [16] .
In experiments requiring vacuum pressures less than 500 mTorr, the silicon die was mounted to the PZT with adhesive bonding. This can be undesirable in an industrial environment. Therefore vacuum suction for holding down the silicon die was investigated. It was found that even in moderate vacuum ( 0.5 Torr), suction is enough to hold the die in place during the assembly. At lower chamber pressures, the pressure difference between the suction pipe and chamber was too low to hold the die during ultrasonic vibrations. An alternative to the suction would be to use mechanical clamping, which is under investigation. The fact that imperfect mechanical coupling of ultrasonic vibrations without adhesive also leads to assembly indicates that the ultrasound serves only to reduce friction. This vacuum jig allows quick attachment of the die to the assembly tool enabling automated assembly of MEMS.
The PZT/silicon substrate resonance frequencies depend on device geometry and material properties and change with temperature. To avoid complications of frequency, the actuation frequency was swept from 2.5 to 5 MHz with excitation amplitude of approximately 10 V ÈÈ . The swept frequency actuation also has the advantage over fixed frequency actuation that there are no fixed nodal patterns and micromachines are excited more evenly over the entire surface leading to more uniform friction reduction across the die. The high frequency range was chosen because frequencies less than 1 MHz can excite strong lateral and bending vibrations of the substrate. These sub 1 MHz vibrations can have large vibration amplitude ( m) at the anti-nodes, sufficient to impact actuate or even break the surface micromachines. 
V. EXPERIMENTAL RESULTS
In the first set of experiments, the flap actuation was observed as the chamber pressure was lowered. The substrate temperature was set to 100 AE C and ultrasound was applied to reduce friction. In the viscous regime (10-750 Torr) the flaps stay down as expected as the mean free path is too small to generate significant actuation force. As the pressure is lowered to below 10 Torr first short flaps and then longer flaps lift up, confirming that the transition pressure depends on the flap dimensions ( Figure 6 ). After ultrasound removal and cooling of the sample, the assembled flaps remain in the vertical position indefinitely due to static friction at the hinges. Applying ultrasound to the samples after removing the thermo-kinetic force by cooling the sample resulted in flaps falling down. It should be noted that some of the flaps would lift up when heated at lowered pressure even without the ultrasonic friction removal due to statistical nature of the hinge friction. This also demonstrates that ultrasound is not the source of actuation.
In the next experiment, the low pressure behavior of the thermo-kinetic force on the flaps was verified. As pressure is lowered the thermo-kinetic force becomes smaller than the gravity force. The fact that the flaps fall down due to gravity and not other, for example ultrasound induced forces, was verified by mounting the sample at different angles. As the pressure is lowered, the flaps fall down towards the declining tilt. Unfortunately, the 1D and 2D models give different transition pressure with 1D model overestimating and 2D model underestimating the fall down pressure. Possible explanations for the 2D model overestimating the force are that the accommodation coefficient being less than unity and the heating of the ambient gas. Both these effects would lower the thermo-kinetic force. A good agreement, however, is obtained with the 1D model by introducing an empirical correction factor to the gas-kinetic force and rewriting equation (3) as
Similar geometry dependent correction factors have been used previously in modeling Knudsen radiometer gauges [17] . At the the transition pressure we have × Ö Ú ØÝ and since Ö Ú ØÝ Ñ , where is the gravity constant and Ñ, , , are the flap mass, density, area and thickness respectively, the fall down transition pressure can be written as
which is independent of the flap area. Figure 7 shows the measured data in good agreement with theoretical curve with ¾ .
Also, flaps with areas varying an order of magnitude all fall down at the same pressure confirming the area independence of the fall down pressure.
VI. OBSERVED 3D EFFECTS
In addition to pressure threshold experiments described in the previous section, several effects due to 3D nature of gas-kinetic actuation were observed as shown in Figure 8 . Flaps at the edge of the die have a stable point in a slight outward angle due to higher number of desorbed molecules from the center of the die. The flaps at the edges would also fall down at a slightly higher pressure than the flaps at the center due to different net moments. Also, at moderate surface temperatures ( 60 AE C) heavy flaps (3.5 m thick with 0.5 m gold film) would not fully lift up but would stand at an approximate angle of 45¦5 degrees in agreement with the predicted force maximum at that angle (Figure 4) . Finally, the transition pressure at which the thermo-kinetic force is greater than the gravity force depends on the flap angle. The flaps would fall down at a lower pressure than they would lift up, as the pressure was increased and decreased around the transition point. This hysteresis follows from the angle dependence of the thermo-kinetic force. These observations qualitatively confirm the 2D gas-kinetic model.
VII. ASSEMBLY OF FLAP STRUCTURES
For permanent assembly one requires the assembled structures to stay in their final position even after the gas-kinetic force is removed. Therefore structures with locking mechanisms were also fabricated in MUMPs process. Such locking structures have been used extensively in manual assembly procedure [18] . Figure 9 shows examples of assembled flap arrays and retroreflectors. One observed problem with early experiments was that the hinged locking latch failed to lock down properly due to thermokinetic upwards force acting on it. This caused some flaps to fall down after assembly as shown on the left side of Figure 9 . This problem can be solved by using a spring latch anchored to the substrate thus providing the downwards latching force as shown in the examples of assembled arrays on the right side of Figure 9 . Figure 10 shows video images of the array assembly at different times. Nearly 100% assembly yields are obtained in 30 s. The failures are due to incomplete release, stiction or mechanical jamming at the hinge or the latch. 
VIII. DISCUSSION
A novel batch assembly mechanism for surface micromachines is demonstrated. The forces on the surface structures are characterized as a function of pressure and temperature and three pressure regimes are identified. In the viscous regime, the drag forces dominate. In the molecular flow regime, the thermo-kinetic forces are significant but decrease with pressure due to reduced particle density. At pressures less than 10 mTorr, the thermo-kinetic force becomes negligible. The thermo-kinetic force is limited by the pressure and temperature. Since the maximum operating pressure is limited by the requirement of mean free path being larger than the critical dimensions, the force can only be increased by increasing the surface-ambient temperature difference. Assuming maximum surface temperature of 500 AE C, ambient temperature of 25 AE C and pressure of 1 Torr gives force of 40 N/mm ¾ . In designing lock-in structures for assembly, the force limitation should be taken into account.
A PZT vibrator/heater jig that does not require adhesive bonding to the silicon is also demonstrated enabling bath assembly in an industrial setting. Such a tool will allow surface micromachine designers to design complicated structures that can be assembled within minutes without the need for any special processing, interconnect requirements, or real-estate overhead. In addition, the thermo-kinetic actuation scheme provides a thermodynamic actuation methodology for surface micromachines.
